Abstract-This paper presents a new dual-band, dual-polarized 1 × 4 antenna array design for telecommunication base station. One of the bands covers global system for mobile communication (GSM) band, while the other covers both digital communication system (DCS) and universal mobile telecommunication system (UMTS) bands. The antenna is based upon an aperture stacked patch layout and incorporates a simple and novel dual-layered feeding technique to achieve dual polarized radiation. For feeding the array elements, a corporate feed network is used. In order to achieve appropriate matching in both bands, a three-section Chebyshev transformer has been designed. The proposed antenna shows good port decoupling, less than −30 dB for dual linear polarization over its operating bands. Peak antenna gains about 11 dBi and 11.6 dBi have been obtained for lower and upper bands, respectively. The effort was directed toward the design of a single standalone dual-polarized antenna to cover all three bands.
Abstract-This paper presents a new dual-band, dual-polarized 1 × 4 antenna array design for telecommunication base station. One of the bands covers global system for mobile communication (GSM) band, while the other covers both digital communication system (DCS) and universal mobile telecommunication system (UMTS) bands. The antenna is based upon an aperture stacked patch layout and incorporates a simple and novel dual-layered feeding technique to achieve dual polarized radiation. For feeding the array elements, a corporate feed network is used. In order to achieve appropriate matching in both bands, a three-section Chebyshev transformer has been designed. The proposed antenna shows good port decoupling, less than −30 dB for dual linear polarization over its operating bands. Peak antenna gains about 11 dBi and 11.6 dBi have been obtained for lower and upper bands, respectively. The effort was directed toward the design of a single standalone dual-polarized antenna to cover all three bands.
INTRODUCTION
Development of essentially new base station antennas has become one of the most important tasks in contemporary antenna engineering. Along with rapid wireless communication development, the number of base station antennas has also been increased. In coming years, the new generation of wireless communication systems will demand new and improved base station antennas. These new base station antennas will need to operate in both 2G and 3G frequency bands, being either dual-band or multi-band, and would replace current sectored antennas by a single antenna to reduce the overall number of antennas on cellular base stations. In Europe, this means that there is a demand for antenna elements capable of handling GSM (880-960 MHz), DCS (1710-1880 MHz), and UMTS (1920-2170 MHz) bands [1] .
In the past two decades, many techniques for the design of patch antenna with multiple-frequency operation have been investigated and proposed [2] [3] [4] [5] [6] [7] . On the other hand, polarization diversity technique is popular due to increase of the system capacity. This promotes research on dual-polarized patch antennas, which can transmit and receive two orthogonally polarized signals simultaneously with a single antenna system. Patch antennas with dual-polarized operation capabilities are very appropriate for applications in modern mobile communication systems to combat the multipath fading problem, which usually causes layer degradation in the system performance [8] . For such applications, a variety of dual-polarized patch antennas with single band operation have been reported [8] [9] [10] [11] [12] [13] .
The most popular technique to obtain a dual-frequency behavior is introducing a reactive loading to a single patch [14] . By loading an inset or a notch on the radiating patch, a dual-frequency behavior as well as size reduction is obtained [15] . In [15] a dual and wide band aperture stacked patch antenna with double-sided notches has been presented.
Very few designs with dual-band dual-polarized operations have been reported for application in mobile communication systems. The proposed antenna in [1] demonstrates a triple band dual polarized antenna whose first band covered GSM and the second band covered both DCS & UMTS. For each of these bands, the antenna provides 2 orthogonal linear polarizations with a good isolation between the ports. The reported design in [8] presents a compact dual-band dualpolarized patch antenna suitable for the 900 and 1800 MHz band operations. The proposed antenna comprises of two coplanar radiating patches, one rectangular-ring patch for 900 MHz operations, and the other slated rectangular patch implemented within the rectangular ring patch for 1800 MHz operations. To feed this antenna, using the aperture-coupled excitation method, four H-shaped coupling slots were cut in the antenna's ground plane.
To achieve higher gain and shaped pattern, antenna array is much popular in industry, especially for base station applications. Significant progress has been made in the design of multiband antennas with good bandwidth performance in two or even three different bands. For most part, researches have been concerned with the design of isolated multi-band array design. In [16] a ±45 • slant dual-polarized, 1 × 8 dualband antenna array suitable for base station antenna in GSM900 and DCS1800 MHz bands with isolation more than 30 dB between ports has been proposed. The array comprises two 4-element sub-arrays, one for GSM900 and other for DCS1800. A corporate feed network has been used to feed both sub-arrays. Moreover, separator filters before each element have been employed to separate two frequency bands. In [17] , a dual-band dual-polarized patch antenna array has been proposed. The antenna in [17] operates in two separate frequency bands, including 820-960 MHz and 1710-2170 MHz, which cover the operating frequencies of most mobile communication systems including CDMA, GSM, PCS, and UMTS has been proposed. The array consists of six elements with two larger patches for the lower band and four smaller patches for the upper band. Each patch element is excited from the side by two orthogonal L-shaped probes, for ±45 • polarizations. A novel combination technique to achieve the optimization of both the element geometry and array layout of multiband BTS array antennas has been introduced in [18] .
In this paper, a 1 × 4 dual-band dual-polarized patch antenna array suitable for use in base stations with polarization diversity is presented. Each radiating element is a double-sided notch patch that resonates in two bands. The first band can cover GSM, and the other covers both DCS and UMTS. In other words, it is, in fact, a triple band patch antenna. For feeding the array elements, a corporate feed network with a three-section dual-band Chebyshev transformer is designed. With this dual-band transformer, we have appropriate matching in both bands.
Two microstrip excitation networks are placed on separate substrates on the opposite sides of the ground plane. The polarization isolation is greater than 30 dB in both bands. The total size of the array is about 660 mm × 300 mm × 21.8 mm and the gains about 11 dBi and 11.6 dBi for lower and upper bands, respectively. In comparison with similar works in this area, the proposed antenna array offers relatively small dimensions, simple structure, and smaller number of layers. Employing FR4 substrate makes it also a low cost structure. Other advantages of the proposed antenna is using only one port for each polarization feed at all three frequency bands and utilizing a total of only two feeding port. It must also be noted that this array is designed with triple band patches instead of separate patches for each band. 
SINGLE ELEMENT ANTENNA CONFIGURATION
The configuration of a single element of the array and the fabricated single element antenna are shown in Figure 1 . As can be seen from Figure 1 , one rectangular patch with double sided notches is mounted on multiple dielectric layers. To reduce the cost of antenna fabrication and making it more rigid in construction, FR4 substrates are used. The antenna consists of 4 layers, 3 layers of FR4 dielectric material (ε r = 4.4) and 1 air layer (ε r = 1). Foam material is added between the patch and ground plane, thereby increasing its total height and reducing its effective dielectric constant. To achieve a dual polarized operation, two microstrip feed layers are placed on separate FR4 substrates at the opposite sides of the ground plane.
SIMULATION AND MEASURED RESULTS OF SINGLE ELEMENT
To verify the proposed design, a prototype of the single element antenna with optimized dimensions has been fabricated. GSM900 and 480 MHz or 24.7% at DCS1800 and UMTS for port 2.
It is clearly observed that dual and wide operating bandwidths are obtained. The input impedance for the two ports will differ slightly if there exists a coupling from the upper feed network to the patch element. However, direct coupling from the feed line to the patch would be minimal because of thick layers used between the slot and the patch. The port decoupling is less than 30 dB in both bands as presented in Figure 3 . The simulated radiation patterns in two principle planes at 900, 1800, and 2100 MHz are plotted in for GSM, DCS and UMTS, respectively. Note that if the antenna is used as an array element, the vertical radiation pattern of individual elements would not be critical, provided that it is relatively broad, as the array's vertical pattern will be determined by the vertical stacking of multiple elements. Figure 5 shows the antenna gains as a function of frequency. For the GSM (880 MHz-960 MHz) band, a peak antenna gain of 11.8 dBi is observed. For upper frequency band, the peak gain is 7 dBi. The gain of the dual-polarized aperture stacked patch antenna drops off at higher frequencies, beyond 2 GHz, due to the dominant radiation mechanism of the slot. Moreover, the other reason can be due to using of FR4. The losses for high frequencies in a microstrip structure are too high, and dielectric constant of this material is very instable at high frequencies. To resolve this problem, improve the shape of the pattern and make them narrower and suitable as a base station antenna, the proposed antenna must be placed in an array combination. The results are summarized in Table 1 . The discrepancy between the simulated and measured results can be mostly attributed to the measured environment effect and the tolerance in manufacturing.
ARRAY DESIGN
The gain of a base station antenna is typically many times larger than the gain provided by a single radiating element. Therefore, it is necessary to employ a number of elements in an array combination to achieve the required gain and pattern characteristics.
Having chosen the types of triple-band, dual-polarized radiating elements and feed lines to be used, our next task is the design of array structure. In order to minimize the cost, we wish to use the minimum necessary number of elements.
First, a two element array is designed and simulated. There are some considerations in array design that must be taken into consideration. The most important one is the element spacing. In general, the array elements should be as far as possible from each other, so the mutual coupling becomes negligible. On the other hand, in order to avoid grating lobes in the radiation patterns, the elements spacing must be less than 0.7λ 0 . If a single patch multi- band design is chosen as the composite element for the array, it will be very difficult to ensure that this condition is satisfied across all operating bands. Therefore, an optimized distance for each band must be selected in the range of 0.5λ 0 to 0.7λ 0 . However, the main problem is that an optimized distance for lower band may not be suitable for upper band and vice versa. In order to find an optimized distance for which the array performance is acceptable in both lower and upper bands, the distance "d" between array elements was varied from 0.4λ 900 = 0.8λ 1800 = 140 mm to 0.7λ 900 = 1.4λ 1800 = 230 mm, until the optimized value of d = 0.48λ 900 = 0.96λ 1800 = 160 mm is obtained. The proposed structure has two feeding ports in two layers. Therefore, two separate excitation networks are designed and placed on a layer where the corresponding feeding port is located. Each one of the excitation networks must have an appropriate matching in both low and high bands simultaneously, and feed the array in a specific direction. For feeding each element of the array, a corporate feed network is used for each port. For a 1 × 2 array, there are two patches with 50 Ω input impedances. On the other hand, each excitation port must feed both patches. Each port is a 50 Ω line and divided into two 100 Ω branches. Therefore, each of the 100 Ω branches must be matched to a patch with 50 Ω input impedance. In order to achieve an appropriate matching in both bands, a two-section dual-band Chebyshev impedance transformer, which has matching capability at two arbitrary frequencies, was designed [19, 20] . Design parameters for this transformer, which consist of characteristic impedance and lengths of each section, were determined at central frequencies of 920 MHz and 1940 MHz to match a 100 Ω line to a 50 Ω line. After determining impedances, the widths of the microstripline sections of the feed network were calculated for ε r = 4.4 and h = 1.6 mm and summarized in Table 2 . This matching transformer and the configuration of 1 × 2 antenna array are shown in Figures 6  and 7 , respectively. This two element array is simulated by HFSS, and its radiation patterns in two principle planes at frequencies of 900, 1800 and 2100 MHz are shown in Figure 8 . It can be seen that the HPBW 
RESULT AND DISCUSSION
The HFSS simulation results in Figure 10 show that the impedance bandwidth (VSWR < 1.5) for port 1 at GSM900, DCS1800, and UMTS bands is equal to 90 MHz (10%), 220 MHz (12.2%), and 490 MHz (22.4%), respectively. While for port 2, it has the values of 100 MHz (11.9%) at GSM, 460 MHz (26.8%) at DCS and 740 MHz (31%) at UMTS. It is clearly observed that dual-band operation with wide bandwidths is obtained. The input impedance for two ports may be slightly different, because of the possible coupling of upper feed network to the patch element. But in general, the direct coupling from the feed lines to the patch is minimized because thick dielectric layers are used between the ground plane slot and the patch. As represented in Figure 11 , we have achieved the port decoupling of less than −30 dB in all bands.
The simulated radiation patterns in two principle planes at the frequency. For the lower band, a peak antenna gain of 11 dBi is observed. For upper frequency band, the peak gain is 11.6 dBi. As can be seen in comparison with single element and two elements array, the vertical patterns are narrower, back lobes reduced, and gain problem in higher bands solved. Therefore, with this beam width and gain, the array is more suitable for base stations. The results are summarized in Table 3 . In comparison with [18] , our design has better return loss performance and offers very few grating lobes in the vertical radiation pattern. [17] also presents an array which covers mentioned bands. The gain of the proposed array in [17] is about 10.5 dBi in the lower band and around 14 dBi in upper band. Although the gain in upper band is more than the gain of our design (11.6 dBi), in the lower band that is less than our design. Length and height of the proposed array in this paper is smaller and radiation patterns more suitable. Also for the proposed antenna in [17] , separate patches for each band have been designed while our design has only single patch for three bands. In [16] the gain of the array is about 12 dBi at each band, but the proposed array covers only GSM900 and DCS1800, not UMTS 2100.
CONCLUSION
A new dual-band dual-polarized array antenna, operating in GSM900 as its lower band and DCS1800 -UMTS2100 as its upper band, is proposed. This array antenna is composed of tri-band patches instead of separate patches for each band. The simulated characteristics of the proposed configuration satisfy the requirements for cellular communication systems. The key to the design is the use of two substrates, one on the top of the aperture and the other below. In this design, we could avoid designing three separate patches for each band and have only single patch. We could overcome the problems of placing this triple band patches with appropriate spacing for all bands in an array that has the suitable pattern with acceptable grating lobes. Dual-polarized operation has been achieved with a simple technique.
